The term tyre -road noise implies the noise generated from the interaction between a 2 rolling tyre and the road surface. It has proved that tyre -road noise is the most important 3 source of the road traffic noise (1). Currently, there is an increasing need for prediction 4 models which provide information about noise generation before the road is constructed. 5
Such models play an important role in predicting tyre -road noise, optimizing the 6 pavement design and improving the materials and building technology (2). 7
Tyre -road noise models can be classified into three categories: statistical models, 8 physical models and hybrid models. There are two important considerations for a model 9 being effective for application in road engineering. The considerations and the 10 corresponding modeling strategies are discussed below: 11 1) In practice, a model with a simple structure, small number of inputs as well as 12 a high accuracy is preferred. Statistical models generally have simple structures and they 13 are developed by regression on data collected from measurements (3-7). In this way, the 14 model provides a more practical approach to evaluate of tyre -road noise compared with 15 the theoretically based physical models (8-10), which to some extent are based on an 16 idealized situation. 17
Statistical models however have difficulties in providing a general rule for all 18 types of surfacings. For improving the accuracy of the prediction, this study therefore 19 provides models for a certain type of road surface, but not one general model which is 20 applicable for all types of surfacings. The accuracy of the prediction is expected to be 21 improved in this way. In this paper, tyre -road noise models for thin layer surfacings with 22 thickness between 20 mm and 30 mm are developed. A similar method can also be 23 adopted for other surface types. 24
2) The road parameters in existing models are normally derived parameters such 25 as a texture spectrum but they are not linked directly to the construction materials (11).
26
For road engineers, a model linking the noise level to the mixture composition of the road 27 surface is essential for being able to design and constructing noise reducing surfacings. 28
In this study, both the surface characteristics and the basic mixture properties are 29 considered as input variables for the model. FIGURE 1 shows three possibilities to relate tyre -road noise with the mixture 47 composition and the surface characteristics. The figure shows that the noise levels can be 48 predicted from the mixture composition, surface characteristics, or a combination of the 49 two. Three types of models can thus be developed based on the choice linking the tyre -1 road noise to material properties. They are: 2 Type 1: Material properties are considered as independent variables, and the noise 3 levels are computed directly from the material properties; 4
Type 2: The model consists of two sub-models. Type 2(a) links the surface 5 characteristics to material properties while Type 2(b) deduces the noise level from surface 6 characteristics. Models are developed independently for these two parts; 7
Type 3: Combinations of the material properties and the surface characteristics are 8 used as predictors to evaluate the noise levels. 9
The diagram in FIGURE 1 is considered as the modeling framework. 10 11 The overall noise level and noise levels in the frequency range from 315 Hz up to 3150 7
Hz are all taken into account. The noise levels in this study were measured by the Close 8
Proximity tests (CPX) with passenger car tyres (17). Data used in the regression are the 9 average CPX noise levels from the 10 types of passenger cars. Noise levels at different 10 speeds can be deduced from the noise at a reference speed (12). In this research, the speed 11
is not considered as an independent variable in the model. The noise levels used in the 12 regression are all collected at a speed of 80 km/h. 13 14 
Where y is the vector of response variable; it presents a certain noise level or, in case of 26 model Type 2(a), a certain surface characteristic. X is an n × p matrix, containing n 27 observations of p predictor variables, which can be mixture composition, surface 28 characteristics, or a combination of the two when different types of models are concerned. 29 a is the constant, b is the vector of regression coefficients for the predictor variables. a 30 and b are to be determined via the regression process. 31
The ordinary least squares approach is used to develop the linear regression 32 models for each type of model with different variable input combinations. In addition, 33 alternative models are also set up by means of variable selection methods. This aims to 34 reduce the dimension of the independent variable vector and to simplify the structure of 35 the model. The algorithms used in this study are backward elimination and the stepwise 1 selection (18). 2
It should be noticed that multicollinearity may exist between the input parameters. 3
As the input variables are not completely independent, the regression coefficients 4 achieved in the model do not reflect the influence of a certain input parameter on the 5 noise levels. However, the multicollinearity does not influence the prediction ability of 6 the model as a whole (19). In this paper, the goal is to find the model with the best 7 prediction accuracy. Therefore, the multicollinearity is not examined or eliminated on 8 purpose. 9 10 MODEL DEVELOPMENT 11 12
A complete overview of the modeling process is given in FIGURE 2. By taking into 13 account all the conditions, a total of 14 models were constructed. Each of these models is 14
given a number as shown in FIGURE 2. An initial selection was then performed on the 14 15 models to choose those with the best fit to the measured data. The selected models were 16 validated using measurement data from practical road sections. It should be noted that just the MPD was recorded for denoting the surface texture 14 on highway A6, and no texture level on the octave band of wavelength was provided. 15
However, for certain models, texture levels TL 63 and TL 1 are required for performing the 16 evaluation. In this study, the TL 63 and TL 1 are determined by using the Model 8(a), see 17 10 2) A low RMSE value when comparing the predicted with the measured data. 11
3) A low number of input variables. 12 4) Material properties used as input variables are preferred. 13
5) The regression relationship is physically correct. 14 Based on these considerations, the following models were finally selected. 15 16 TABLE 6 RMSE between the observed and predicted noise levels 17 Model 4(b) and Model 8(b) calculate the noise levels from the surface 22 characteristics, and have a better prediction power in comparison with other models on 23 most of the noise levels. Model (4) provides the best prediction of the overall noise level 24 and shows a good fit with the measured data at frequencies below 2000 Hz. This reveals 25 that these noise levels can be well predicted from the linear combination of MPD and the 26 maximum absorption coefficient. In previous studies, the MPD is not always considered 27 as a good predictor for tyre -road noise. However, from this research, it is found that 28 when concentrating on a certain type of surface, the thin layer surfacing in this study, the 29 MPD can be used very well to predict the tyre -road noise levels. 30
In the 2000 Hz and 2500 HZ frequency band, the RMSEs for Model 8(b) are 31 lower which denotes a better prediction power. This is because the noise level at a high 32 frequency is greatly influenced by the short wavelength texture level (20, 21) , and using 33 Model I and Model II are finally selected. The noise levels predicted with these two 31 models are compared to the noise levels measured on the sections with the four mixtures. 32
The results are shown in FIGURE 3 and FIGURE 4 respectively. The error bars in the 33 figures denote the standard deviation of the measured or predicted values on a certain 34 road surface. 35
From FIGURE 3 (a), it can be seen that Model I makes very good predictions of 36 the overall tyre -road noise levels on sections 1, 2 and 4. On section 3, the model 37 underestimates the noise level with around 3 dB (A). In FIGURE 4 (a), the overall noise 38 level is perfectly predicted by Modell II on surface 1. On other sections, the difference 39 between the prediction and the measurement is between 2.5 dB (A) to 3 dB (A). 40
For noise levels on 1/3 octave band, as shown in FIGURE 3 (b) to (e) and 41 FIGURE 4 (b) to (e), the modeled curves generally have similar shapes as those from the 42 measurements. At most of the frequencies, especially frequencies below 800 Hz, the 1 predicted noise levels are in agreement with the measured ones, with a difference not 2 larger than 2 dB (A). The noise levels are underestimated between 1600 Hz and 2500 HZ 3 on surface 1, and between 1000 Hz and 2500 Hz for surface 2. There are overestimations 4 of noise levels between 630 Hz and 1250 Hz on surface 3. The best predictions are 5 obtained for surface 4 by means of Model I and Model II. 6
It should be noticed that the models are developed based on the averaged CPX 7 levels from 10 different passenger car tyres. In the validation, the measurement data are 8 just from one type of tyre. Considering the variations of noise among the tyres, the 9 prediction results are rather good, as the predicted noise levels are generally close to the 10 measured data, and the distribution of the noise levels over the frequencies is also fairly 11 well predicted by the models. 12
The fact that both models only need a small amount of input variables is 13 considered to be an advantage. The change of noise level with changing basic material 14 properties can also be determined with Model II. Therefore, the models are recommended 15 to be used for the following applications: The goal of this paper was to develop models for predicting tyre -road noise levels from 3 material properties and surface characteristics of thin layer surfacings. The modeling was 4 accomplished by linear regression with data from laboratory and field measurements. The
